ABSTRACT: Increased life expectancy is associated with a high prevalence of chronic, non-communicable diseases including cognitive decline and dementia. The purpose of this study was to evaluate the prevalence of cognitive impairment using three cognitive abilities (verbal fluency, numeracy and perceived memory) and their association with cardiovascular risk factors in seniors across Europe. Data from participants in wave 4 of the SHARE (Survey of Health, Ageing, and Retirement in Europe) database was used. Cognitive performance in perceived memory, verbal fluency and numeracy was evaluated using simple tests and a memory complaints questionnaire. Clinical and sociodemographic variables were also studied for potential associations. Standardised prevalence rates of cognitive impairment based on age and gender were calculated by country. The prevalence of cognitive impairment was 28.02% for perceived memory, 27.89% for verbal fluency and 20.75% for numeracy throughout the 16 evaluated countries. Years of education, being a current or former smoker, number of chronic diseases, diabetes or hyperglycemia, heart attack and stroke were all independent variables associated with impairment in the three studied cognitive abilities. We also found independent associations between physical inactivity and verbal fluency and numeracy impairment, as well as hypertension and perceived memory impairment. Lower performance in the evaluated cognitive abilities and higher memory complaints are highly prevalent, have a heterogeneous distribution across Europe, and are associated with multiple factors, most of which are potentially preventable or treatable, especially cardiovascular risk factors.
Alzheimer's disease (AD), but vascular diseases including subclinical brain injury, stroke and silent brain infarction are also important causes and contributors to cognitive decline [5] . In fact, an association between brain health and cardiovascular risk factors was established in middle-aged adults using magnetic resonance imaging [6] . Another study also suggested a link between neurocognitive function and systemic vascular health through the evaluation of arterial stiffness and reactivity [7] . Moreover, silent strokes are more common than strokes with clinical manifestations and constitute an important risk factor as precursors of future strokes and cognitive impairment [3] . It is estimated that more than one in 10 adults over 60 years of age has had a stroke resulting in the loss of cognitive ability [8] .
The impact of cardiovascular risk factors on cognitive function is receiving heightened attention as modifications of these factors may reduce the risk of dementia later in life. Therefore, we first aimed to evaluate the prevalence of low cognitive function by assessing perceived memory, verbal fluency and numeracy in people over 50 years of age across 16 European countries. Secondly, we assessed the association between cardiovascular risk factors and cognitive function for the three cognitive abilities listed above. The identification of factors associated with impaired cognitive abilities in older adults can be used to develop effective interventions that prevent declines in the cognitive function of seniors across Europe.
MATERIAL AND METHODS
In this work, we used data from the SHARE (Survey of Health, Ageing, and Retirement in Europe) project, wave 4. SHARE is an international European database containing detailed information pertaining to the demographics, health, and social and economic status from representative samples of community-based populations over 50 years of age from 16 European countries (Austria, Belgium, France, Germany, Netherlands, Switzerland, the Czech Republic, Hungary, Poland, Denmark, Sweden, Estonia, Spain, Portugal, Italy, Slovenia) [9] . Modelled after the US Health and Retirement Study and the English Longitudinal Study of Ageing, SHARE contains data from a very large population. The harmonised, cross-national design allows for consistent international comparisons of a large number of factors simultaneously, providing a dynamic picture of ageing in Europe. A detailed description of the SHARE data and methodology has been published and is available to registered users on the SHARE website (http://www.share-project.org).
The wave from 2010 contains data from 58,489 individuals aged 23-103 years. To evaluate the prevalence of and the variables associated with poorer cognitive performance in three cognitive abilities (perceived memory, verbal fluency and numeracy), our sample included non-institutionalised individuals aged 50 years or more, with a body mass index (BMI) of 18.5 kg/m 2 or higher, and who answered all of the questions included in this analysis (dependent and independent variables). We excluded data from three countries (Germany, Sweden and Poland) in our association analysis due to the low number of individuals that remained after exclusion of cases with missing values (less than 5%).
Dependent variables -cognitive abilities
Two domains of cognitive function, i.e. verbal fluency (a test of executive function) and numeracy (arithmetical calculations) were evaluated in this work. The third cognitive domain, perceived memory, was assessed by a memory complaint questionnaire. In the SHARE project, cognitive tasks were based on standard dementia screening tools, i.e. the Mini-Mental-State and Dementia Detection Scale [10] .
Perceived memory
The participant's memory complaints in SHARE were assessed through the questions "How would you rate your memory at the present time? Would you say it is 'excellent', 'very good', 'good', 'fair' or 'poor'?" This variable was dichotomised as excellent, very good or good, and as fair or poor [11] .
Numeracy
The participant's numeracy was assessed through the following described mathematical tasks. Participants were asked, "If the chance of getting a disease is 10 percent, how many people out of one thousand would be expected to get the disease?" The participant was then asked a second question: "In a sale, a shop is selling all items at half price. Before the sale, a sofa costs 300 (local currency). How much will it cost in the sale?" If the participant answered the first question incorrectly, the numeracy test was stopped after the second question, irrespective of whether the participant answered the second question correctly. If the first question was answered correctly, a third question was posed: "A second hand car dealer is selling a car for 6,000 (local currency). This is two-thirds of what it costs new. How much did the car cost new?" If two questions were answered correctly, the participant was invited to answer the last question: "Let's say you have 2,000 (local currency) in a savings account. The account earns ten percent interest each year. How much would you have in the account at the end of two years?" The numeracy score ranged from 1 (the participant did not answer correctly any of the math questions) to 5 (the participant answered all of the math questions correctly). This variable was dichotomised into two categories, a score of 3 or less (indicative of impairment) or a score of more than 3 [12] . 
Verbal fluency
This test measured executive function and language abilities. Participants were told: "Now, I would like you to name as many different animals as you can think of. You have one minute to do this. Ready, go." Valid answers were any members of the animal kingdom, real or mythical, specific species' names, any accompanying breeds within the species, as well as male, female, and infant names within the species. Proper nouns were considered incorrect. The verbal fluency score was the number of valid animal names the participant was able to state. This result was dichotomised into two categories: a score of 15 or less, suggestive of verbal fluency impairment, or a score of more than 15 [13] .
Explanatory variables
The wide scope of information in the SHARE project allowed us to include a large number of putative explanatory variables, such as sociodemographic (age, gender and years of education) and health variables. Age was calculated as the difference between the year 2010 and the date of birth, and four age classes were set (50-54, 55-64, 65-74 and more than 75 years old). The gender response generated a dichotomous variable, male or female. The education variable resulted from their response to the question "years of education", which was dichotomised as ≤ 12 years or as > 12 years of education. The self-reported presence or absence of physiciandiagnosed vascular diseases ("heart attack", stroke, diabetes or hyperglcemia, and high blood pressure or hypertension) as well as smoking status (current or former smoker) were recorded. The continuous variable BMI was transformed into a discrete variable with three classes (18.5-24.9, 25-29.9 and 30 kg/m 2 or higher). The variable "number of chronic diseases" was based on the number of chronic diseases reported by each individual, dichotomised by ≤ 2 or >2 chronic diseases. Physical inactivity was assessed on the basis of the following questions: "How often do you engage in activities that require a moderate level of energy such as gardening, cleaning the car, or going for a walk?" and "We would like to know about the type and amount of physical activity you do in your daily life. How often do you engage in vigorous physical activity, such as sports, heavy housework, or a job that involves physical labor?" These questions addressed their levels of moderate and vigorous physical activity, respectively. Physical inactivity was defined as never, or almost never, engaging in moderate or vigorous physical activity.
Statistical analysis
A descriptive analysis of the outcomes was performed in order to obtain an estimate of the proportion of individuals with cognitive impairment in the 16 European countries. Age and gender standardised prevalence of cognitive impairment, i.e. in perceived memory, numeracy and verbal fluency, was calculated by country and the 95% confidence intervals (95% CI) were calculated. We used direct age-adjusted standardisation based on the standard European population of 2013 [14] .
With individuals nested by country, a multilevel logistic regression approach was used considering the three cognitive abilities as dependent variables: perceived memory (0: "poor" or "fair"; 1: "good", "very good," "excellent"), verbal fluency (0: ≤ 15 correct words; 1: > 15 correct words), and numeracy (0: "bad" 1-3, 1: "good" 4-5). In the first approach, multilevel, univariate, logistic regression models were used considering each covariate to identify potential factors associated with the outcome variables. Significant covariates retained in the first step (p < 0.05) were included in a multilevel, multivariable, logistic regression model. Country was considered to be a random effect. The final model was composed only of significant covariates, as determined by a backward selection method. Odds ratios and their 95% CI are reported. All the analyses were performed using the software IBM SPSS (version 23) and p < 0.05 was considered significant. (Table 1) .
To evaluate variables associated with the cognitive abilities identified in this study, we excluded data from three countries (Germany, Sweden and Poland) from this analysis due to the small number of individuals that remained after exclusion of cases with missing values (less than 5%). The remaining 33,126 individuals included in this analysis had a mean age of 65.4 (SD = 10.0) years; 56.5% were female. Via analysis of all countries (except Germany, Sweden and Poland) using unadjusted models, we found a significant association among all studied explanatory variables with the three cognitive abilities, i.e. perceived memory (Table 3) , verbal fluency (Table 4) , and numeracy (Table 4) . However, from adjusted models we found that fewer years of education, being a smoker or former smoker, having more than two chronic diseases, and having diabetes, hyperglycemia or a history of heart attack or stroke were independent variables associated with perceived memory, verbal fluency and numeracy impairment (Tables 3, 4 and 5). We also found independent associations between physical inactivity with verbal fluency and numeracy impairment, females had more complaints about perceived memory and poorer performance in numeracy, older participants had more complaints about perceived memory and poorer performance in verbal fluency, and participants with hypertension had more complaints about memory.
DISCUSSION
In this work, a high and heterogeneous prevalence of impairment in cognitive function was found in 16 evaluated European countries. Southern European countries (Spain, Portugal, Italy and Slovenia) as well as Eastern Europe (Hungary, Poland, Czech Republic) showed the highest prevalence of cognitive impairment in the evaluated abilities. Conversely, Western European countries (Austria, Belgium, Switzerland, France, and the Netherlands) as well as Northern Europe (Denmark, Sweden) showed the lowest rates of cognitive impairment. These results are in accordance with previous studies that showed significant variation in cognitive performance across countries [15, 16] .
The findings suggest that older ages, being female, and having less education are associated with poorer cognitive performance. Not surprisingly, increased age is significantly related to poorer cognitive performance. Indeed, the influence of ageing on cognitive function has been extensively described, especially regarding processing speed, memory and language [17] . Evidence shows that cognitive decline during the ageing process corresponds with structural brain changes such as cerebral atrophy, ventricular enlargement and the loss of neuronal networks [18] [19] [20] .
Education has also been shown to be strongly associated with cognitive function, with higher education levels (more than 12 years) having a protective effect by significantly decreasing the risk of developing cognitive impairment. A positive association between cognition and education in the elderly has been reported previously [21] . Data from the English Longitudinal Study on Ageing supports our results, showing that among English seniors, education increases memory in both genders as well as executive function in males. This result could explain some of the differences observed between countries, since participants from Central and Northern Europe with better cognitive function are also in regions with relatively high education levels, as has been reported previously [15, 19] . Moreover, cognitive tests may reflect the quality of education as well as socioeconomic status, social interactions, labor force participation or cognitive reserve [22] . There is also evidence that improvements in mental performance are related to changes in brain structure, affecting synaptic density, hippocampal volume and cortical thickness [18] . Our analyses show that lower performance in perceived memory, verbal fluency, and numeracy were strongly related to comorbidities represented by more than two self-reported chronic diseases. This is in accordance with other studies suggesting that individuals with poor health status are at a higher risk for significant cognitive impairment or dementia [23, 24] . Existing data support the notion that the number of chronic diseases could be a marker of cumulative exposure to vascular risk factors [8] . The underlying mechanism seems to be related to peripheral inflammatory markers, a potential indicator of global inflammatory processes that may increase the risk for dementia through their role in the development and progression of cardiovascular disease [25] .
Cardiovascular risk factors, including smoking, physical inactivity, hypertension and a previous diagnosis of diabetes, hyperglycemia, stroke or heart attack were independent variables associated with cognitive impairment. Stroke is the major risk factor for impaired cognitive function in numeracy, perceived memory and verbal fluency. A history of strokes almost doubled the risk, which agrees with other studies [26] . Although the underlying process of brain damage requires more research, it is known that vascular dysfunction and endothelial injury are important mediators of atherosclerosis development, damage to medium-large arteries, and probably to smaller brain arteries as well [27] . Studies investigating asymptomatic or "silent" strokes suggest that the development of AD may be positively associated with underlying vascular problems [28] . These findings suggest that strokes play a role in the etiology of dementia, which is supported by a recent metaanalysis that demonstrated a positive association between the risk for AD and stroke [29] . Growing evidence has identified cardiovascular risk factors, such as diabetes and hypertension, as predictors of cognitive decline poststroke, especially after the occurrence of a second stroke [8] . High cardiovascular risk patients may be a target subpopulation in which to improve screening to prevent another cardiovascular event or cognitive decline [3] .
Coronary heart disease ("heart attack") increased the risk of having lower cognitive performance in all three cognitive domains evaluated, which is in accordance with recent research that identified an association between cognitive decline and small, clinically silent infarcts and coronary artery disease [30] . In the Women's Health Initiative Memory Study [31] , in women over 65 years old with a history of infarction or invasive vascular procedures, the risk of cognitive decline was double that of the subgroup without myocardial infarction. Moreover, this study suggested that cognitive impairment was positively associated with heart and aortic atherosclerosis, particularly in patients with angina pectoris, carotid endarterectomy, peripheral vascular disease, and coronary bypass surgery [31] . However, the relationship between coronary artery disease and cognitive impairment or AD remains unclear, with conflicting reports [32, 33] .
Diabetes or hyperglycemia was independently associated with impaired cognitive performance in the three cognitive domains: numeracy, perceived memory and verbal fluency. This is in line with recent research that supports a positive association between type 2 diabetes and a higher incidence of cognitive decline [34] . Potential mechanisms involved in the pathogenesis of cognitive dysfunction and neurodegeneration include acute and chronic hyperglycemia and insulin resistance [35, 36] . Although secreted peripherally, insulin also plays a particular role in cognitive function, learning, and memory [37] . However, more studies are needed to clarify the association between high glucose levels and dementia. Hypertension has been recognised as an important risk factor for cognitive decline and mild cognitive impairment [38] . It is well-established that hypertension pressure can increase the risk of stroke and heart disease and decrease life expectancy. Many studies have associated the decline in cognitive function with hypertension in the elderly [39] [40] [41] . High blood pressure during middle age has been associated with future cognitive decline and dementia, including AD. Although the mechanisms underlying hypertension and cognitive dysfunction are not yet well understood, cerebral vessel disorder, which is pulsatile pressure changes in the cerebral microvasculature and possibly increased production of amyloid-beta, seems to be involved [42] . Although increased evidence suggests a contribution of hypertension to cognitive decline during middle age, data on its role later in life is not consistent. Some studies reported a significant positive effect of hypertension on cognitive decline [43] while others found a U-shaped relationship between hypertension and cognitive performance [44] .
The increased risk of cognitive decline and dementia in smokers compared to non-smokers is supported by several prospective studies. These observations were corroborated by the Honolulu-Asia Aging Study in which a dose-response relationship was established between the number of pack-years and the deposition of amyloid substance in the brain [45] . It has been widely recognised that tobacco has important effects on the cardiovascular system, including the development of atherosclerosis and small vessel brain disease [8] . In addition to the direct neuronal damage caused by neurotoxins, data from the Whitehall II study showed a selective risk for certain cognitive domains [46] , possibly because nicotine has psychoactive effects and stimulates acetylcholine receptors in the brain [8] .
There is a wealth of literature on the association between physical activity and improved cognitive performance. Numerous underlying hypotheses have tried to explain how physical activity might protect brain health. The prominent theories are that physical activity leads to increased cerebral blood flow, neurogenesis, angiogenesis, and synaptic plasticity while at the same time reducing inflammation and improving resistance to brain insults [47] [48] [49] .
Some limitations of this study require discussion. Firstly, the impact of other variables that might influence cognitive performance was not evaluated. This is a crosssectional study while the associations being measured happened over a long period, which could be a limitation of this study. Additionally, even though this work is crosssectional, SHARE data collection is ongoing and future observations over an extended period will allow for analyses between cognitive decline and its associated cardiovascular risk factors. The sampling procedure could also influence some of the results. In Northern and Western European countries, there is a higher proportion of the elderly population that is institutionalised, which could have excluded an unhealthier population from our sample. The sample from Southern Europe (Spain, Portugal and Italy), where old people often live with their families, has a higher chance of being included in the SHARE survey. Moreover, some variables presented high non-response ratios, which might affect the results. Finally, there are some contradictory studies on selfreported measures, a practice criticised by some authors but considered reliable by others. To the best of our knowledge, this is the first study to directly compare elderly populations from 16 European countries and provides evidence that cardiovascular risk factors are strongly associated with impaired cognitive function, even after accounting for sociodemographic and health status. Moreover, we report important results about the heterogeneity across Europe, with valuable policy implications on late life cognitive decline prevention that could be implemented in the clinical setting.
In conclusion, impaired cognitive function in terms of verbal fluency, numeracy and perceived memory is highly prevalent but unequally distributed across Europe. This is associated with multiple factors, namely cardiovascular risk factors, most of which can be prevented or treated.
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